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Abstract 
Integration of materials other than silicon and its compounds into micromachined transducers is a rapidly emerging area of 
MEMS research technology. For example, future innovations and improvements in inertial sensors for navigation, high-
frequency crystal oscillators and filters for wireless applications, microactuators for RF applications, chip-scale chemical analysis 
systems, and countless other applications can be significantly impacted by the successful miniaturization and integration of 
piezoelectric materials and subsystems onto silicon substrates. Piezoelectric materials are high energy density materials that scale 
favorably upon miniaturization. In this article, a cursory review of the fabrication technology for piezoelectric MEMS 
transducers is presented along with a discussion on the challenges and opportunities in the field. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Piezoelectric materials have attractive electromechanical properties for realizing micromachined sensors and 
actuators. Piezoelectric actuation is a bidirectional, linear, and reliable mechanism that does not exhibit failure 
modes associated with charge storage. The inherently large forces associated with piezoelectric actuation when 
coupled with micron scale structures enable sub-microsecond mechanical response times at low bias voltages (5 – 
15 V) while consuming only microwatts of power. Ferroelectric thin films of materials such as lead zirconate 
titanate (PZT) have piezoelectric coefficients an order of magnitude higher than those shown by AlN and ZnO and 
enable a substantial reduction in the required drive voltages. Furthermore, the recently available single crystal 
relaxor ferroelectric materials such as lead magnesium niobate-lead titanate (PMN-PT) offer even higher 
performance figures in comparison to conventional piezoceramics. 
As has been reviewed earlier, there are essentially three approaches to realizing piezoelectric MEMS devices 
[1]: (i) deposition of piezoelectric thin films on silicon substrates with appropriate insulating and conducting layers 
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followed by surface or silicon bulk micromachining to realize the micromachined transducers (“additive approach”), 
(ii) direct bulk micromachining of single crystal or polycrystalline piezoelectrics and piezoceramics which are 
thereafter appropriately electroded to realize micromachined transducers (“subtractive approach”), and (iii) integrate 
micromachined structures in silicon or piezoelectrics via bonding techniques onto bulk piezoelectric or silicon 
substrates (“integrative approach”). The most successful piezoelectric MEMS devices, at present, are the 
commercially available aluminum nitride based film bulk acoustic resonators (FBAR) from Agilent Technologies. 
Another commercially available piezoelectric MEMS sensor is the family of quartz gyroscopes from Systron 
Donner division of BEI Technologies. The rest of this article will summarize some of the technologies currently 
available for the development of such devices followed by a brief discussion of the current challenges and 
opportunities in the field. 
2. Piezoelectric Materials and Properties 
The piezoelectric constitutive equations are given by: 
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where Sj is mechanical strain, Vj is mechanical stress, Ei is electric field, Di is electrical displacement, cij is the 
elastic stiffness constant, sij is the elastic compliance coefficient, and İii is the permittivity. If a parameter has a 
superscript, such as sijE, this is the elastic compliance when the electric field is held constant. The piezoelectric 
coefficients, dij and eij, are 3rd rank tensors which in reduced tensor notation correspond to a 3 x 6 matrix. In this 
reduced notation, the indices (i = 1 to 3) define normal electric field or displacement orientation, (j = 1 to 3) define 
normal mechanical stresses or strains, and (j = 4 to 6) represent shear strains or stresses. The electromechanical 
coupling coefficient k is another important figure of merit that represents the ratio of the mechanical (electrical) 
energy converted to the input electrical (mechanical) energy by the piezoelectric material and is typically given as 
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Piezoelectric materials can be available in bulk or thin film forms for transducer applications. These materials 
in either form can be integrated using appropriate micromachining techniques into micromechanical structures to 
realize the required transducers. Typically piezoelectric materials in the form of thin films from 100 nm to several 
tens of microns in thickness with piezoelectric properties approaching those of the corresponding bulk materials are 
desired. Properties of thin film piezoelectric materials depend upon (i) stoichiometry, (ii) film morphology, (iii) film 
density, (iv) impurities and (v) defects. In order to obtain a large response to mechanical deformations, piezoelectric 
films have to be grown with a textured structure with a high degree of alignment of the piezoelectric (poling) axis. 
Piezoelectric thin films can be deposited by several techniques such as sputtering, chemical solution methods, screen 
printing and atomic layer deposition techniques. Reviews of piezoelectric materials history and properties in bulk 
form are available in numerous books [2, 3]. Comprehensive piezoelectric thin film materials and devices reviews, 
which have seen much progress in the past 20 years, are also available to the interested reader [1, 4-6]. Table 1 
summarizes some of the commonly used piezoelectric materials in MEMS applications. 
Table 1. Comparison of the mechanical and electromechanical properties of quartz, zinc oxide, aluminum nitride and PZT materials.
Property Units Į-Quartz (AT-cut) AlN ZnO PZT (Thin film, 1-3 Pm)
density g/cm3 2.65  3.26 5.68 7.5 – 7.6  
kt2 % kp2 = 8.8 – 14  6.5  9  7 – 15  
Qm @ 2GHz  104 – 106  2490 1770  
kt2 Qm @ 2GHz   160 160   
e31,f C/m2 e11 = 0.173 -1.05 -1.0 -8 – -12 
d33,f pm/V d11 = -4.6 – 2.3 3.9 5.9 60 – 130 
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3. Etching Piezoelectric Materials 
Selective patterning methods are required to realize piezoelectric MEMS devices. Both wet and dry etching 
methods can be used for patterning piezoelectric thin films. Most well known piezoelectric materials can be wet 
etched in strong acids and bases. For example quartz crystals are found to rapidly dissolve in NaOH and KOH 
solutions. Typically the rates depend upon the crystallographic directions and therefore tend to be anisotropic in 
nature. Aluminum nitride can be wet etched in hot phosphoric acid between 60 and 95 °C. The etch rate itself varies 
depending upon the quality of the aluminum nitride film. Similar observations were reported also in KOH based 
etching solutions and have the advantage of being compatible with photolithographic processes. Zinc oxide on the 
other hand is readily soluble in most single acids, mixed acids, alkaline solutions, and ammonium chloride. 
Extremely fast, reaction rate limited ZnO etch rates can be achieved in HNO3:HCl:H2O solutions whereas much 
more controlled etch rates can be obtained by using H3PO4:CH3COOH:H2O solutions. The advantage of the later 
etch process is that it does not attack aluminum which is often used as the electrode materials in ZnO based devices. 
PZT substrates are also attacked by strong acids and alkaline solutions. A two step lithographically compatible etch 
process has been developed using 10NH4F:1HF BOE etchant followed by 2HCl:1H2O dip to remove the white lead 
fluoride residue. 
Dry etching techniques based upon the use of reactive plasma offer very attractive alternative to the wet 
patterning techniques for piezoelectrics. The main consideration in the choice of gas species for plasma etching 
depends upon the formation of volatile products as part of the breakdown of the metal (semiconductor) oxides being 
etched. However, most piezoelectric materials are primarily etched via physical sputtering with the chemical species 
assisting the process. Quartz substrates have been etched with very high aspect ratios and very high surface 
smoothness using SF6 and Ar/Xe gases. The use of heavier Xe helps reduce the redeposition and more effectively 
removes any non-volatile residues resulting in smoother surfaces. Aluminum nitride is typically etched using 
chlorine chemistries. The etching characteristics of ZnO and etch selectivities of ZnO to SiO2 in CF4/Ar, Cl2/Ar and 
BCl3/Ar plasma with etch rates of up to 0.12 Pm/min have been reported. Optimization of the etch processes, 
involve ensuring the endurance of the photoresist mask through the piezoelectric material patterning process and 
entail a compromise in the etch rate of the piezoelectric. In cases where it is necessary to use a hard mask, typically 
electroplated nickel is used. Nickel provides a very high selectivity in fluorine plasmas > 30:1 for PZT etching. PZT 
is typically etched in fluorine or chlorine plasma. Using SF6 and Ar several groups have reported high aspect ratio 
etching of PZT. 
4. Piezoelectric MEMS 
Bulk micromachining of piezoelectric materials is of considerable interest since it allows for the direct 
integration of sensors and actuators into a monolithic structure. Additionally, the optimized and often superior 
properties of bulk materials can be directly harnessed for these applications. Using multiple front and backside 
masks, ICP-RIE etches at various depths can produce stair-stepped structures from bulk piezoelectric substrates. 
Mask metallization provides ground and power electrodes that activate and/or measure the charge developed in 
specific areas of the structure to enable truly revolutionary MEMS devices. Fig. 1a shows an example of such a bulk 
micromachined PZT T-beam transducer which can be used for both sensing and actuation applications [7]. In 
devices realized using additive process, the typical surface micromachining processes begins with the sequential 
deposition of passive, active, and electrode layers in the order desired. The piezoelectric device stack is patterned 
using wet or dry micromachining processes. Finally the exposed sacrificial layer is etched to release the freestanding 
piezoelectric sensor structure. Fig. 1b shows a uniflex actuator fabricated from PZT thin films [8]. In the integrative 
process, precision micromachined piezoelectric (silicon) structures are integrated onto a silicon (piezoelectric) 
substrate. However, the success of this technique is predicated upon the availability of low-temperature (preferably 
< 200 °C), precision aligned bonding techniques. Low temperature solder bonding technique can be used it to realize 
such micromachined transducers. An example of such a device is a quartz resonator based uncooled thermal IR 
sensor array that has been fabricated via direct integration onto a silicon substrate [9]. Fig. 1c shows a schematic 
(inset) and optical picture of the IR sensor fabricated through this method. 
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Fig. 1 (a) Bulk micromachined T-beam actuator from PZT substrate, (b) Surface micromachined PZT uniflex microactuator, and (c) 
Micromachined quartz resonator based thermal IR sensor fabricated using integrative approach. 
5. Piezoelectric MEMS – Challenges and Opportunities 
In spite of advances in piezoelectric materials deposition, processing, patterning, and integration methods, at 
present only a limited number of piezoelectric devices have been successfully commercialized and several 
fabrication related challenges still remain. For example, chemical solution methods offer attractive low cost methods 
for the deposition of uniform films of piezoelectrics, however the success of these methods are still predicated upon 
the use of appropriate layers for proper nucleation and film growth. As a consequence the sensor structure often 
consist of multi-layered materials stacks and requires extensive device specific development efforts. Further 
understanding of thin film piezoelectric materials is also required to reduce and control material and sensor drift and 
ageing characteristics. Optimization of the residual stress in individual layers to result in an overall stress 
compensated sensor structure continues to pose a significant challenge. Development of deposition techniques 
resulting in thin films with properties approaching those of bulk materials is another area of significant challenge. 
Chemistries and etching characteristics of most piezoelectric materials still remain slow and further improvements 
are still desired.  
Micromachined piezoelectric devices offer significant opportunities in terms of sensing and actuation at the 
micron scale. Recent work on micromachined, high-frequency, bulk acoustic wave quartz resonators has allowed for 
detailed investigation of atomically thin layers of viscoelastic materials in fluid ambient. Real-time investigation of 
such phenomenon can be the basis of next generation biosensors. Micromachined ultrasonic transducers (MUTs) 
arrays is another area where piezoelectric thin films are finding increasing use. Piezoelectric micromachined 
transducer arrays mounted at the tip catheter can be used for two and three -dimensional ultrasound imaging of the 
vascular system. In the area of inertial systems, piezoelectric devices are expected to dominate the markets 
especially for tactical and inertial grade devices. In summary, as piezoelectric materials technology, fabrication 
processes, and modeling/design tool sets improve, the next generations of micromachined piezoelectric sensors have 
the potential of operating at or near the fundamental thermal fluctuation limits. 
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